The aerobic solvent-free selective oxidation of the C-H bonds of hydrocarbons to the corresponding ketones by earth-abundant catalysts would provide high added value both from 
3
in graphitic domains (NCNTs) as metal-free catalysts for hydrocarbon oxidation have been designed by Peng and co-workers but its practical application yet remains unexplored owing to the use of additives and oxidants including toxic metal oxides and peroxides to improve the catalytic performance and selectivity of the desired products. 11, 12, 13 Zeolitic imidazolate framework (ZIFs) is a subclass of metal organic frameworks (MOFs), a type of crystalline inorganic-organic hybrid materials that have attracted extensive awareness in various applications owing to their inherent properties including high thermal and chemical stability, large pore volume with tuneable pore size distribution and high specific surface area. 14, 15 ZIFs can serve as precursors to synthesize networked porous carbon materials especially with heteroatoms (such as nitrogen) doping, upon heat treatment in inert atmospheres which become a new and versatile technique without using external templates.
The dual role of the nitrogen containing ZIFs could be attributed of being a precursor for carbon and as a source of nitrogen. A great deal of research has been conducted to develop successfully hierarchically nanoporous metal-containing carbonaceous materials employing
MOFs as precursors by direct carbonization technique under inert atmosphere. 16, 17 These heteroatom doped metal or metal oxide containing nanoporous carbon materials as derived from MOF precursors have been regarded as promising candidates in catalysis, 18, 19 sensing, 20 batteries, 21 adsorption, 22 and energy storage, 23 which served as an excellent catalyst to activate peroxymonosulfate (PMS) in the advanced oxidation process. 24 Zhao et al. developed graphene oxide/core-shell structured metal-organic framework nano-sandwiches derived cobalt/N-doped carbon nanosheets, which showed high oxygen reduction reactions. 25 High performance oxygen reduction hierarchically porous Co-N x /C catalysts have been designed by Wang et al. by carbonization of graphene oxide (GO) supported ZIF nanocrystal arrays followed by acid leaching process. 26 Ma and co-workers demonstrated a facile synthesis strategy of Co@Co 3 O 4 encapsulated N-doped mesoporous carbon cages on reduced graphene oxide (r-GO) as an active oxygen-evolving catalyst. 27 A special attention has been directed towards graphene oxide with a unique two-dimensional structure and excellent electrical conductivity as a promising candidate of catalytic support. 4 We employ the self assembly strategy of ZIF-9 and graphene oxide (GO) via electrostatic attraction to form a carbon-based composite material, which upon carbonization route at high temperature under inert atmosphere was adopted to encapsulate novel Co 3 analysis, scanning electron microscopy (SEM) with the corresponding elemental mapping, Co K-edge X-ray absorption fine structure (XAFS), Raman and X-ray photoelectron spectroscopy (XPS) studies. The Co 3 O 4 @GNC nanohybrid exhibited an impressive catalytic performance in the controlled oxidation of saturated and unsaturated hydrocarbons under aerobic and solvent-free conditions. In terms of catalyst stability, these designed catalysts afford much higher activity with good recyclability (upto 6 th catalytic run) for oxidation of diverse alkanols relative to the conventional reported catalysts under the same reaction conditions to demonstrate the benefit of such carbonaceous nanoarchitecture in heterogeneous nanocatalysis. On the basis of the detailed investigation we could speculate that the advanced catalytic performance and durability of Co 3 O 4 @GNC catalysts is connected with the synergistic effect generated in between Co-N-C and carbonaceous materials, as experimentaly evidenced with XPS and XAFS tools. We expect that these results will encourage further extended research in exploring novel non-noble metal based efficient catalyst systems for the application of ambient air and recyclable cobalt catalysts in finechemical production with high activity.
EXPERIMENTAL SECTION:
Catalyst preparation:
Synthesis of Co 3 O 4 @GNC-A, B and C:
In a typical synthesis procedure, Co(NO 3 ) 2 .6H 2 O (1.44 mmol, 0.420g) and benzimidazole (2.87 mmol, 0.340g) were mixed together in 80 mL N,N-dimethylformamide to get a clear pink colour solution and it was allowed to stir at room temperature for 1 h. GO was first prepared from natural graphite using a modified method as reported elsewhere. 28 
Recycling tests:
In a typical recycling experiment of aerobic oxidation of arylalkanes under solvent-free conditions with Co 3 O 4 @GNC, a mixture of ethyl benzene (75 mL) and catalyst (150 mg), was heated with stirring at 140ºC in a 200 mL dry stainless-steel reactor pressurized with air at 20 bar for 4 h. Then the blackish solid was recovered from the reaction mixture by centrifugation, and used for next catalytic run in succession after proper washing with methanol and drying at 80ºC for 12 h.
Hot filtration test:
We have performed hot filtration test to authenticate heterogeneous and robust nature of our with the same reaction mixture in a stainless-steel reactor under identical conditions for a further 6 h to ensure whether any leaching of cobalt species occurred. After 6 h, no obvious enhancement in the ethyl benzene conversion beyond 52% was accomplished as determined by GC analysis.
RESULTS AND DISCUSSION:
The overall synthetic strategy for the preparation of Co 3 O 4 nanoparticles (NPs) encapsulated on graphitic N-doped carbon is illustrated in Scheme 1. Herein, we have adopted ZIF seedmediated deposition route to prepare ZIF-GO nanocomposite, where the uniform deposition of Co-ZIF nanocrystals on GO nanosheets took place. Firstly, previously reported modified method has been employed to synthesize graphene oxide (GO) with epoxy and hydroxyl functional groups. 28 Secondly, Co based ZIF has been prepared considering benzimidazole as the ligand and Co(NO 3 ) 2 .6H 2 O as the metal source and subsequently aqueous GO solution was introduced after the formation of the Co-ZIF. 29 For instance, easy preparation, controllable crystalline size, good thermal stability and high contents of carbon and nitrogen of ZIF-9 are beneficial for making it an ideal cobalt-based ZIF precursor for the synthesis of
Co-based catalysts with abundant active catalytic sites. The characteristic peaks appeared in the wide angle powder XRD pattern of Co-ZIF (Fig. S1 , SI), is in good agreement with the previous literature report. 29 The nitrogen adsorption/desorption isotherms of the ZIF-9 ( Fig.   S2 , SI) could be recognized as typical type I isotherms with a rapid N 2 uptake at the relative lower P/P 0 pressure region. The strong attachment of the Co-ZIF crystal onto the GO layer could be favoured due to the coordination interactions between the Co 2+ metal ions from the Co-ZIF and oxygen containing epoxy and hydroxyl groups from the GO sheet. Through the washing procedure with deionized water was followed to remove the loosely attached Co-ZIF nanocrystals from ZIF arrays supported on GO sheets (ZIF-GO). The FE-SEM images of ZIF-GO demonstrates that Co-ZIF nanocrystals having size around 80 nm are homogeneously deposited on the GO sheets to form a sandwich-like structure (Fig.S3, SI) .
The continuous arrangement of aggregated ZIF-9 nanocrystals wrapped by GO layers is observed from the high resolution TEM images (Fig.S4, SI) , indicating a successful synthesis of ZIF-9 MOF supported on GO nanosheets without destroying polyhedron morphology of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 7 ZIF-9. 25 Finally, the as-prepared ZIF-GO nanohybrid has been pyrolyzed in an inert atmosphere for 3 h at high temperatures (600ºC, 700ºC and 800ºC, respectively) to obtain analysis demonstrated that N has been successfully incorporated into the system (Table S1 , SI) and decrease in the N content (wt %) with the increase of carbonization temperature could be explained by the partial destroy of C-N bonds during the graphitization process.
Furthermore, no significant change in cobalt content was found with the enhancement of carbonization temperature is in good agreement with the previous report by Liu and coworkers. 7 The thermal stability of the as-synthesized ZIF-GO composite has been evaluated by thermogravimetric analysis (TGA). According to the TGA-DSC curves (Fig.S5, SI) , it is understood that the ZIF-GO composite was highly stable up to 350ºC. The initial weight loss ~3.8 wt% could be attributed to the removal of adsorbed water or trapped gas molecule in the porous framework of the ZIF. Along with the initial weight loss, a gradual weight loss ~6.68 wt% has been detected at the temperature range of 200ºC and become stable after 300ºC, which corresponds to the release of free hydroxyl groups, burning of the organic linkers followed by evaporation as small molecules.
The wide angle powder X-ray diffraction spectra of all the carbonized materials have been Diffraction pattern does not evidence any Bragg peaks corresponds to Co 0 -NP. 31, 32 Furthermore, in the XRD patterns of the nanohybrids it is difficult to distinguish diffraction peak at 2θ = 26º responsible for the (002) plane of graphitic carbon, which could be due to the disordered nature of the highly random stacking of the graphene nanosheets during the carbonation and annealing 33, 34 as well as the reduced structure factor for this particular Bragg The composition and the degree of graphitization of the Co 3 O 4 @GNC nanohybrids have been evaluated by Raman spectroscopy (Fig.S6a ). In the Raman spectra, two broad characteristic peaks, so called D band and the graphitic G band, located respectively at 1332
and 1585 cm -1 , are observed whose relative intensity is closely related to the amount of disorder caused by lattice defects in the carbon materials. In particular, the I D /I G ratio, the intensity ratio of these peaks can be correlated with the degree of graphitization. 32 The I D /I G ratio of Co 3 O 4 @GNC materials decreased when the carbonization temperature was enhanced (1.197, 1.162 to 1.107 respectively for 600, 700 and 800ºC) thus evidencing a higher degree of graphitization with increasing temperature. In addition, it has been noticed that the nitrogen content in the as-synthesized materials after carbonization has been retained at the low pyrolysis temperature (Table S1, adsorption/desorption analysis measured at 77 K (Fig.1b) , exhibited a typical type II isotherm, according to the IUPAC nomenclature. In all cases, the adsorption profiles display steady rise in nitrogen uptakes at the relative pressure (P/P 0 ) range from 0.2 to 0.9, demonstrating generation of well-defined porous framework or interparticle void spaces during thermal carbonization of the ZIF-GO composite. 36 The appearance of small hysteresis loop in nanohybrid could be indicative to presence of generous, random, uneven, and nonuniform mesopores as developed during thermal carbonization at high temperature, according to Yamauchi et al. 37 The the graphitization of amorphous carbon during the pyrolysis of nanocomposite at the higher temperature treatment process. 38 The corresponding pore size distributions as calculated from system, a similar observation is seen in related nanosystems. [43] [44] [45] Interestingly in our case, the shakeup satellites have larger spectral weight, which we attribute to the presence of further components coming from the interaction Co 3 O 4 and nitrogen-doped carbon skeleton through
Co-O-C and Co-N-C bonds. The high resolution N-1s XPS spectra could be deconvoluted to four sub-peaks ( Fig. 2(b) ), where three of them having significant intensity (intensity of the fourth one is insignificant compared to the remaining three). The binding energy of the three subpeaks are at ~398.4, ~400.5 and ~402.3 eV, respectively, corresponding to the existence of characteristic pyridinic-N, graphitic-N and pyridinic N + -O -, species, (Fig.2a) , in accordance with the previous reports for ZIF derived nitrogen doped carbon. 37, 38 The last peak with very poor intensity (fourth one) is mostly derived from the nitrogen-doped carbon skeleton through Co-N-C bonds. This hypothesis is supported by the C 1s spectra as stated in the manuscript. In comparison to the reference XPS peak for pyridinic-N-oxide groups the binding energy displacement to higher end of range could be attributed to the influence of hybridization between the valence orbitals of N with the underlying substrate, which reduces core hole screening and thus raises the binding energy, in accordance with the previous report by Susi et.al . 46 The intensity of the binding energy peak responsible for graphitic-N species becomes gradually prominent with the enhancement of pyrolysis temperature from 600ºC to 800ºC, 47 Interestingly there is an additional component (peak at ~531.2 eV) with significant intensity which we ascribe to the O-N/C bonds in the hybrid system. Observation of this additional component is in agreement with the observation of additional intensity of the shakeup satellites of Co 2p spectra. nm have been observed (Fig.3i ). It could also be noticed from the HR-TEM images (Fig.3k) that Co 3 O 4 particles (marked with arrows) are tightly wrapped by graphene-like carbon shell characteristic multiple graphitic layers. 8 TEM image ( Fig. S13 , SI) has been described in the SI. We also performed the oxidation reaction over the catalyst as derived by the thermolysis of ZIF-9 only at 700ºC ( Reaction was carried out in presence of hydroquinone; Conversion and selectivity were determined by GC (internal standard: 1,4-dichlorobenzene).
Fe-GNC and Ni-GNC afforded 15.7 and 13.6% conversions with acetophenone as the main product with 60.9 and 57.8% selectivity, respectively ( 54 We have also compared the catalytic activity of the bare Co 3 O 4 -NPs as prepared by the conventional capping agents for the oxidation reaction (Table S3, (Fig.6c) . Also, a 57.8% selectivity of acetophenone along with 1-phenyl ethanol (~37.6%) at the maximum conversion of ethyl benzene was realized after 6 h (Fig.6c) .
Undesired side products including acid and ester were not observed by GC-MS (detection threshold 0.3%), signifying that Co 3 O 4 @GNC is considered as an authentic selective oxidation catalyst for the aromatic hydrocarbons. 55 The origin of superior catalytic efficiency of our newly designed material could be explained with the combination of the above characterization details. Higher surface area with large pore volume of Co 3 O 4 @GNC-B catalyst compared with the other catalysts facilitated easy diffusion of reactants into the porous channel thereby providing better interaction between catalytic active centres and substrate is thought to be responsible for the difference in catalytic activity. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 In this work, the catalytic activity is gradually increased with the decrease of average Co 3 O 4 -NPs size from 7.6 to 3.8 nm, but activity significantly decreased when the particle size becomes larger than 21 nm. From this observation we can conclude that the size of Co 3 O 4 play an important role in controlling the catalytic activity, which may be likely due to existence of high density of surface-sites on the nanoparticles having size about of 3.8 nm.
Similar kind of size-dependent catalytic activity on Au clusters for aerobic oxidation of cyclohexane was reported by Tsukuda et al and they have postulated that the decreased adsorption energy of oxygen atoms on surface of Au nanoparticles with a large size is main factor for the diminishment in activity. 56 Although we provide important results on the size 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 XPS spectra (Fig.3d) . The considerable decrease in the N-content as supported by the C, H, N analysis (Table S1 , SI) for Co 3 O 4 @GNC-C catalyst during pyrolysis gave an apparent decline in intrinsic synergistic effect, catalyst durability (leaching of Co-particles is noticed in reaction medium) and increase in particle size, thus reconfirming that nitrogen doped 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 24 benzene conversion (from 5 to 62%), acetophenone (from 17 to 60%) and benzaldehyde (from 5% to 20%). In the case of Co 3 O 4 @GNC-B, a considerable improvement in ethyl benzene conversion compared with the other catalysts (Co 3 O 4 @GNC-A and Co 3 O 4 @GNC-C) is noticed which could be attributed to the presence of more amount of active Co metal oxide phase at this particular temperature. Oxidation process can be initiated in the presence of O 2 as di-radical at higher temperatures and pressures. 2 We found that such processes become significant at 140ºC due to the potential role of di-oxygen radical as air contains 20.9% of O 2 and directly influence the conversion and product selectivity (Fig. 7) . Raising the temperature (160 o C) favours for the production of higher amount of oxygen radicals which caused considerable enhancement in conversion but the reduces the selectivity of acetophenone due to over oxidation. 57 Nevertheless, with further increase of reaction time at 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   25 corresponding oxidation products at moderate conversions ( Table 3 , entry 3). Comparison of conversion rate for the tetralin and indane, among these indane has shown high catalytic oxidation to respected oxidized products due to C-H low bond dissociation energy (82.9 K cal /mole) and high strained C-H bond compared to the tetralin molecule, further confirming the broader applicability of our catalysts for the selective oxidation of saturated C-H bonds. briefly explained the promoting effect of the nitrogen content in the GNC nanostructure leading to smaller particle size (Fig. 3) . The considerable decrease in the N-content as supported by the C, H, N analysis (Table S1 , SI) for Co 3 O 4 @GNC-C catalyst during pyrolysis gave an apparent decline in intrinsic synergistic effect, catalyst durability (leaching of Co-particles is noticed in reaction medium) and increase in particle size, thus reconfirming that nitrogen doped carbonaceous nanostructure with uniform Co 3 O 4 -NPs size are necessary to give a big boost to the performance of catalysts. Table 2 showed that the catalytic activity decreases with the increase of particle sizes. Catalytic activity of the catalyst as derived from pyrolysis of only ZIF-9 has been proved inferior compared with the catalyst as-synthesized from ZIF-GO nanohybrid, which definitely demonstrates the crucial role of the nanostructure.
In view of these findings, we can also propose that the presence of nitrogen doped carbonaceous framework play a decisive role, thereby introducing intrinsic synergistic effect between Co-N-C and carbonaceous materials, which is beneficial for the improved catalytic performance, in accordance with our results for bare Co 3 O 4 -NPs ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 29 reaction mixture could be explained by the inevitable intergranular friction, the collision with the stirrer and autoclave wall. Our examination undoubtedly demonstrates that our newly designed catalyst is robust and heterogeneous in nature. Indeed, the specific surface area of the reused Co 3 O 4 @GNC-B catalyst after 6 th catalytic cycles reduced significantly in comparison to the fresh catalyst, which was caused possibly by the destruction of the pore wall under rapid stirring condition with the loss of porosity to hinder the accessibility of catalyst sites, during removal of entrapped solvent and unreacted substrates for further use for the next consecutive cycles (Fig. S11, SI) . Decrease in the specific surface area and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 slower rate in comparison with the benzoyl peroxide decomposition, consequential in the lower selectivity for phenyl ethyl alcohol than for ketone.
CONCLUSIONS:
In summary, we present herein a facile strategy to synthesize Co 3 O 4 nanocrystals embedded into N-doped graphitic carbon (Co 3 O 4 @GNC nanohybrids) by uniform seed-mediated growth of Co-based nanocrystals and their deposition on ZIF-9 metal-organic framework which is warped on GO nanosheets, followed by high temperature pyrolysis under inert atmosphere. catalysts to achieve superior catalytic performance. In addition, the catalyst Co 3 O 4 @GNC-B possesses better durability after recycling 6 times. High catalytic activity and good catalyst durability will attract special attention in executing further additional research on the design of promising, potential, economical, and environmentally friendly catalytic system for the selective oxidation of hydrocarbons.
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